The research intends to evaluate the variation in the resistance and the lift of a torpedo shaped AUV brought about by the wall effect inside the pipe as it moves out of the axis inside a water pipeline. Movement of an AUV at the axis of a pipe causes minimum resistance and lift forces, but when the AUV moves at a position parallel with the axis of the pipe (out of axis of the pipe), the hydrodynamic forces especially the lift force changes. The AUV must be able to move a float inside the pipe and perform non-contact inspection. In water pipes having limited diameters, there is the wall effect. The added resistance and the lift have to be calculated accurately, which is a necessary requirement for the determination of the vehicle speed, power demand, control, range and duration of the operation. According to the findings of this paper, when moving at the center of pipe the ratio of AUV diameter to pipe diameter is equal to 12. This value can be considered for the determination of "the critical pipe diameter" which gives zero resistance. The results of this study can be applied for torpedo movement inside the torpedo tube. The analysis is performed by the Flow Vision (V.2.3) software based on the CFD method and solving the RANS equations.
Introduction
Water or petroleum pipelines are extended millions of kilometers all over the world. A severe breakdown of a pipeline may bring about large cost which might lead to pollution and accidents as well. Hence routine inspection and maintenance of the pipelines are necessary so that they can function trouble-free. Water supply is an essential public service and therefore inspection tasks cannot be compromised on continuity or quality. An inspection system must have the capacity to operate while the pipeline is in-service (Painumgal et al. 2013) . Today several different pipeline inspection robots exist (Roman and Pellegrino 1993; Suzumori et al. 1998; Hirose et al. 1999; Muramatsu et al. 2000; Roh et al. 2001, Roh and Choi 2005; Moghaddam and Hadi 2005) . The pipeline inspection robots presently are used by the contact with the walls for motion and positioning in the centre of the pipe (Okamoto et al. 1999) . Figure 1 (Painumgal et al. 2013) , shows the Autonomous Underwater Vehicle (AUV) inside a pipeline. This is a simple AUV with conical ends, but today modern AUVs are usually torpedo shaped. Discussion about submarine shape design is presented by Joubert (20040 and (Moonesun 2014) . The aim of developing this inspection system is to enable non-destructive and non-disruptive inspection of water pipelines.
Recently torpedo shaped ocean going AUVs (Najjaran 2005) has been modified for inspecting large pipelines. The vehicles have been used to inspect very huge pipelines having a diameter of more than 2 meters. It is important for the pipeline internal inspection system to enter and leave the pipeline with the least disruption or damage to the pipe system. A great pipeline network means a great amount of pipeline network inspection. Hence, autonomous and free operation will be ideal for long distance inspection so as to avoid cable entanglement. Therefore, Autonomous Underwater Vehicles (AUV) are ideal tools for pipeline internal inspection (Painumgal et al. 2013) .
Description of the Problem and Necessity
The flow field around a submarine inside a pipe or ducted space is different from that of a free stream. The proximity to the interior boundary of the hull induces wall effect on the fluid flow. In such cases, the boundary layer develops all over the circumference. The initial development of the boundary layer is similar to that over the flat plate. At some distance from the entrance, the boundary layers merge and further changes in velocity distribution become impossible. The velocity profile beyond this point remains unchanged. The distance up to this point is known as the entry length, which is about 0.04Re×d. The flow beyond this amount is said to be fully developed. The velocity profiles in the entry region and fully developed region are shown in Fig. 2 . The flow is observed to be laminar until a Reynolds number value of about 2300. The Reynolds number is calculated based upon the basis of the diameter (ud/ν). In pipe flow, it is not a function of length. As long as the diameter is constant, the Reynolds number depends upon the velocity for a given flow. Hence, the value of velocity determines the nature of flow in pipes for a given fluid. The value of the flow Reynolds number is decided by the diameter and the velocity. As shown in Fig. 2 , region (A) is the non viscous flow not affected by the boundary layer, but region (B) is the boundary layer region. After some length, the boundary layers merge and the flow becomes fully developed. The entry length in turbulent flow is about 10 to 60 times the diameter. The velocity profile in the fully developed flow remains constant and is generally flatter compared to laminar flow for parabolic case. Now it seems clear that the flow through the pipe is different from that of a free stream. Should there be an initial flow stream inside the pipe, the entrance length must be regarded but if there is no flow speed and only the AUV moves, entrance length could be ignored. In the present research, only the AUV moves, and there is no initial fluid speed. When an AUV moves inside the pipe, it will experience the wall effects, especially in low diameter pipes. This causes an increase in resistance. The lower the pipe diameter, the higher the resistance. This added resistance should be calculated accurately, since it is a necessary requirement for the determination of vehicle speed, power demand, range and duration of operation. Another important parameter is out of axis movement of the AUV. Movement of an AUV parallel to the axis (at the axis) of a pipe, causes minimum resistance and minimum lift forces, but when AUV moves out of axis of the pipe, the hydrodynamic forces, especially the lift force changes.
Specifications of the Model and Pipe
For this research only the bare hull is to be studied. The base model considered here, is an axis-symmetric AUV similar to a torpedo, without any appendages. It helps to halve the CFD modeling of the body, which is a time saver. The total length is 2 meters, the diameter is 0.25 m, the wetted surface area is 1. The out of axis movement of AUV, is evaluated for two values: d/D=4 and 12. The parameter "e", shows the ratio of out of axis to the radius of pipe (e=a/R). The parameter "a" is calculated from the axis of the pipe (Fig. 5) . In the present study, four values of "e" are studied: e=0, 0.25, 0.5, 0.75.
CFD Method of Study
Governing Equations  Viscosity or friction between fluid layers result in transfer of momentum from one fluid layer to another; this is a molecular level effect (due to rubbing of adjacent 
Another form by using Einstein notation (sum each repeated index over i, j, and k) for Cartesian coordinates and the x-component where (x i , x j , x k ) = (x , y , z) and (u i , u j , u k )= (u , v , w) are as Eqn. 2:
In terms of shear stress by using: 
Mean and fluctuating velocities and pressure can be represented as: u x, y, z, t u x, y, z u x, y, z, t and p x, y, z, t p x, y, z p x, y, z, t .
Mean velocity is defined as:
Substitute in mean and fluctuating variables and expand to get the form of Eqn. 4:
Many terms cancel to give Reynolds averaged Navier Stokes (RANS) equations as Eqn. 5:
The term ( ρu u ) is named Reynolds stresses. Reynolds stresses are positive because the velocity fluctuations are correlated through conservation of mass such that u u 0. Reynolds stresses include 9 elements (only 6 independent) due to τ τ ρu u (where i = j for normal stress) as Eqn. 6:
There are 7 unknowns (6 unknowns for velocities and one for pressure) but 4 equations (3 Navier Stokes and 1 continuity). Therefore there 3 transfer equations such as turbulent models such as k-ε. The eddy viscosity is also commonly called the turbulent viscosity and it is normally written as μ . Turbulent viscosity is defined based on Reynolds stress as: τ ρu′v′ μ .
Therefore τ τ τ μ μ and μ=μ μ , where μ is viscosity of laminar flow and μ is turbulent viscosity. For calculation of μ two kinds of turbulent models are used: 1) Eddy Viscosity Essential Equations such as: Boussinesq, Speziale, Launder and 2) Eddy Viscosity Models included 6 models: Standards k-ε, Extended k-ε, RNG k-ε, Anisotropic k-ε, Wilcox k-ω and SST k-ω. In this study, the equations employed are: Boussinesq and Standards k-ε Model. Boussinesq equation is stated as: 2
Finally, for calculation of μ the model standards k-ε uses two parameters of k and ε:
All notations of these equations are represented by Sanieenezhad M (2003) .
Condition "A"
First, the resistance of the AUV at the center of the pipe is analyzed. Under this condition the lift force is zero, due to symmetry. The analysis is performed by Flow Vision (V.2.3) software based on CFD method and solving the RANS equations. Generally, the validity of the results of this software have been verified using several experimental test cases. Nowadays the software is accepted as a practical and reliable tool in CFD activities. The present research utilizes finite volume method (FVM) in order to model the cases. A structured mesh with cubic (hexahedral) cell has been used to map the space around the AUV. Transition of laminar layer to the turbulent layer in the boundary layer, and the flow separation are very determining factors in calculating the resistance. The two significant parameters in CFD for modeling the boundary layer-are Y + and mesh numbers, which to be selected with great care. For modeling the boundary layer near solid surfaces, the first cell height was placed such that the Y + is kept in the range of 30~100. It must be clarified that to reach a fine cells near the wall, each mesh near the solid surface is divided into eight smaller meshes. It means that each dimension of hexahedral mesh is divided into two from the middle, and therefore, each mesh converts to eight smaller fine meshes. In order to select the proper quantity and dimensions of the cells, for one specific condition (d/D=1.41, A 2 /A 1 =1) and v=3m/s, seven different type of meshes were selected and the results of the resistance forces were compared. The results remained almost constant after 1.9 millions meshes, showing that the results are independent of meshing (Fig. 6) . Finally all models the mesh numbers considered are more than 2.1 million.
Figure 6. Mesh independency evaluations.
Due to the axis-symmetric shape and the axis-symmetry of the flow current, a quarter of the body and the domain are modeled. In the domain, there is an inlet (with uniform flow), a free outlet, a symmetry (in the two faces of the symmetric plane) and a wall (for the body of AUV and for the pipe interior boundary) (Fig.  7) . In the present study it is supposed that the water inside the pipe remains calm having no speed, and only AUV moves. The turbulence model is K- are turbulent scale is considered 0.1m and y + 30~100. The considered flow is incompressible fluid (fresh water) at 20 degrees centigrade and velocities of 1, 3, 10m/s. Settings of the simulation are collated in Table 1 . For modeling the pipe wall-no slip condition
The selection of the proper "time step" for each iteration, depends upon three parameters: 1) speed, 2) model length, and 3) mesh numbers along the main direction of the movement, as the transfer of network should be stopped on each section. For example, if v=1m/s, then the boundary layer will pass 2m the length of the body in 2 seconds.
The direction of velocity is along the axis, and we considered every 1 cm, one station of mesh, which means 200 longitudinal station along the body (not the whole domain). In order to stop the steam in each station, the time step is 2/200=0.01 seconds. On the other hand, the minimum time step is governed by: body length/speed longitudinal station numbers on the body 9
To select the suitable iteration number, it should be considered that boundary layer could travel the domain, from the beginning to the end. For example, if the full length of domain is taken to be 21m, and v=3m/s, 7 seconds is needed to traverse the total length, and if "time step is taken 0.01 s", a minimum number of 7 0.01=700 iterations are needed. These conditions are collated in Table 1 .
To analyze the pipe wall effect upon resistance, simulating the free stream, without the pipe and the wall effect is needed. The domain and the simulation are shown in Fig. 8 . In the domain, there is an inlet (having uniform flow), free outlet, asymmetry (in the four faces of the box) and a wall (for the submarine body). The domain is a box with the dimensions of 12*2*2 m (or 6L*16R*16R).
Condition "B"
In this part, the out of axis position of AUV in the pipe is analyzed. Here, the quarter-model cannot be used, therefore, the half domain model is utilized (Fig. 9) . Other conditions of the model remains same as that of "Condition A". 
CFD Results and Analysis

Pressure Variation
In this case, there are two main factors: 1) pipe wall effect of the pipe and 2) change in flow speed. The pipe wall effect gives rise to boundary layer effects on the fluid, and a zero speed just on the wall. Fluid speed change appears due to the limited cross section area between the body and the pipe. The minor distance between the body and the pipe means minor cross section area (A 2 ). The flux of fluid is kept constant, therefore the fluid speed should be increased. An increase in the speed, according to Bernoulli's law, is equivalent to a decrease in pressure. For smaller values of A 2 , the change in the fluid speed arising from the flux is more than the effect of boundary layer at the pipe wall. In next step, the variation in resistance and lift force of the model (AUV) is be discussed. The total resistance (R t ) is the summation of pressure resistance (R p ) and viscous resistance (R f ). Pressure resistance presents the effect of the shape of the body on the total resistance. On the other hand, this type of resistance is not dependent on the viscosity and boundary layer concepts. In our problem, the governing factor is pressure resistance, Figure 9 . Out of axis model in flow vision.
because it wholly depends upon the pressure distribution over the body. In each stage, the total and the pressure resistance are presented. The pressure variation under the condition of out of axis as per d/D=4 and speed of 3m/s for several values of "e" is shown in Fig. 10 . As the figure shows, at e=0, the pressure distribution is uniform and axis symmetric. Hence, the lift force is expected to be zero. By getting out of axis, the fluid velocity at the top of the body decreases and then, the pressure increases. At the low end of the body, these variations are inverse: the velocity increases and the pressure decreases. Therefore, there are visible changes in the lift force.
Results of Analysis for Condition "A"
The total and pressure resistance of AUV for several different diameters of tubes are presented in Table 2 . The results are presented for speeds of 1, 3, and 10 m/s. As is evident, at all speeds and for d/D <1.41 (or A 2 /A 1 <1), there is a jump in the resistance diagram. Therefore, it can be suggested that in all the pipes or torpedo tubes, d/D >1.41 (or A 2 /A 1 >1) should be considered. In the swim out of the self-prope- Figure 10 . Pressure variation for several ratios of out of axis "e" for d/D=4 and v=3m/s. lled system of the torpedoes in submarines, the torpedo diameter is 533 mm and the torpedo tube (launcher) is 640 mm, which eventuates measurements of A 1 = 0.223 m 2 and A 2 = 0.0985 m 2 . For easier ejection of a torpedo from a tube, a minimum tube diameter of 750 mm is recommended, which results in A 1 = A 2 . The main limitation for increasing the tube diameter is the architectural arrangement inside a submarine or a naval ship, and the volume of water required for filling the volume between the torpedo and the tube. This volume of water must be maintained at a high level inside the submarine tanks, but in pipelines, there is no such restriction. The diameter of the AUV can be designed according to the diameter of the pipe. The variation shows that, after d/D = 1.41, there is slight variation. Logically, by increasing the pipe diameter, there should be a decrease in resistance values.
At the speeds of 1m/s and 3m/s, the results after d/D=12 remain constant and is equal to results of large diameters. The values of "d/D=∞" is related to condition "B", which models the free stream condition. This means that after this limit, the added resistance and wall effect of pipe is negligible. This diameter is "the Critical Diameter". At the speed of 10m/s, the critical diameter occurs at d/D=13. Since there exists no high speeds in pipes, it can be concluded that d/D=12 is related to the critical diameter. The ratio of the pressure resistance to total resistance is shown in Fig. 11 . As mentioned above, the pressure resistance has a unique role in determining total resistance. This diagram shows that in value of d/D<1.41, the pressure resistance is about 90 percent of total resistance. In large diameters, this value is about 45 percent. This means that the wall effect of the pipe, has brought about twice as much pressure resistance. By increasing the diameter, the portion of the pressure resistance will be decreased gradually.
To interpolate the other values of d/D, the best curve fitted to these points is provided by Curve expert software and least mean square (LMS) method. The extracted formula is: Figure 11 . Ratio of pressure resistance to total resistance: (a) at different velocities and (b) average value. For a better understanding of pipe wall effect on the resistance, the ratio of total resistance to free stream resistance is presented in Fig. 12 . The amount of R t /R 0 =1 shows that the wall effect is negligible, and the free stream condition is established.
To interpolate the other values of d/D, according to the best fitted curve by least mean square (LMS) method, the related formula is as follows:
1.01 1 2.06 .
11
As mentioned above, the ratio of d/D=12 can be regarded as critical diameter, neglecting the added resistance, and the pipe wall effect.
Results of Analysis for Condition "B"
The off-axis movement effect is studied for two values of d/D=4 and 12, at speeds of 1,3,10 m/s for values of e=0, 0.25 and 0.75. The compared results are shown in Figs. 13 and 14. For d/D=4, the variation of resistance at low and medium speeds are very little, but for e=0.75, it is considerable, as the body gets very close to the pipe wall. The changes in the lift force is very stiff owing to the asymmetric distribution of pressure, above and beneath the body. For every step of "e", approximately 300 percent of increase is found, except at "e=0.75", which is different, because at this position, because the body becomes tangent to the pipe wall. This results in changes in the pressure domain.
As was shown earlier, at d/D=12, a free stream at the center of the axis can be represented, but by getting out of the center of the pipe, the free stream becomes in valid. As before, the variation in resistance all speeds and all values of "e" is negligible. The changes in the lift force is very stiff too. For every step of "e", found approximately 3-10 times increase in the lift force is observed. It can be concluded that the out-of-axis movement has little effect on the resistance, because the principal factor is the pressure Figure 14 . Diagram of hydrodynamic forces for d/D=12. resistance. The pressure resistance is a function of fluid velocity around the body, which is the function of the flux. By changing the location of AUV inside the pipe, the fluid flux remains constant. Therefore, the changes in the pressure resistance and subsequently the total resistance is insignificant. The out-of-axis movement imposes a stiff variation in the lift force of the body. It is imperative neutralize this negative lift force in order to prevent hitting to the wall and the consequent damage. For this purpose, the hydroplanes of the AUV should be designed in such a way to produce inverse lift to neutralize the body lift force. That is, the hydroplanes should be designed to be able to produce such a big lift force. It is vital to keep the equilibrium and stability of the AUV while operating inside a pipe.
Conclusion
In conclusion, as regards to the added resistance of an AUV moving inside a pipe, arising from the wall effect, the followings can be suggested: 1-The ratio of d/D=12 can be regarded for the determination of "the critical pipe diameter" with added resistance zero. 2-The ratio of d/D<1.41 (or A 2 /A 1 <1) causes a stiff increase along with the resistance. Therefore, the values lower than this ratio are not recommended. 3-In the swim out launching system, for 533mm torpedoes, the minimum tube diameter of 750mm is recommended. 4-Pressure resistance has a crucial role in the total resistance of about 45~90 percent. 5-If there is an initial water speed inside the tube, the entrance length and the developed boundary layer has to be taken into account. 6-The fully developed condition of the stream, after the entrance length, provides about 5 percent decrease in the total resistance and a 10~20 percent decrease in the pressure resistance. 7-Out-of-axis movement of the AUV inside a pipe causes some change in resistance force. 8-Out-of-axis movement of the AUV inside a pipe imposes a stiff increase in lift force. Hydroplanes of AUV should be able to neutralize this body lift force. 
